We report the observation of the thermal equilibrium strain fluctuation spectrum in a transducer using a fiber interferometer.
The resolution of a fiber sensor depends on the responsivity of the transducer and on the dominant source of noise present under a particular set of operating conditions. In the absence of squeezing, the ultimate resolution of the optical system alone is set by the shot-noise limit. For interferometric fiber sensors, phase noise that results from both frequency instability of the optical source and unwanted in-band perturbations acting on the transducing element is generally much larger than shot noise in the frequency band of interest and, therefore, sets the limit of resolution under typical operating conditions. However, a transducer exhibits fluctuations in strain even when the element is in complete thermodynamic equilibrium at temperature T. The noise amplitude in this case is proportional to /T and is familiar to many readers in the context of thermal noise, or Johnson noise, in a resistive element. Mermelstein' calculated the thermal strain fluctuations in a metallic glass transducer for fiber-optic magnetic sensors based on a linear, dynamic coupled-mode response model. Hofler and Garrett 2 subsequently performed a similar calculation using a simplified mass and spring model for a fiberoptic seismometer. Equilibrium fluctuations in the index of refraction of the optical fiber itself contribute to phase noise, but, as shown theoretically by Glenn, 3 these fluctuations are significant only at frequencies well above the range of interest of most fiber interferometric sensors.
In this Letter we present what is to our knowledge the first direct experimental observation of the thermal noise spectrum of a transducing element in a fiber interferometer. Data were taken in the 20-30-kHz frequency range, where strong mechanical resonances exist and where the operating frequency of fiber magnetometers that use such transducers is typically chosen. The data are analyzed by the fluctuation-dissipation theorem with the dynamic response model of Mermelstein. 4 Consider a thermodynamic system in which the response of a generalized coordinate x(w) to a generalized force f(w) is characterized by the complex dynamic susceptibility G(w), (1) where G(w) = G'(o) + jG"(w) and x(w) and f(w) are spectral components. The average power dissipated by the system is (P) = (1/2)wG"(w) fo 2 , where fo is the amplitude of the force. In general, we are free to choose generalized coordinates and forces; however, the product U = f(w)x(w) must have dimensions of energy. In thermal equilibrium, the coordinate x undergoes spontaneous fluctuations and, according to the fluctuation-dissipation theorem, 5 ' 6 the spectral density of the mean-square fluctuation (x 2 (W)) is related to the magnitude of the dissipative part of the susceptibility IG"(w)I by (x 2 (W)) = 2kT0G"(0)h7rw, (2) where k is the Boltzmann constant and T is the temperature. Hence the theorem prescribes the allocation of the total available thermal energy kT/2 among the available frequencies according to the function
For a magnetoelastic material at constant temperature and pressure, the appropriate coordinate-force pairs are the strain e(w) and stress a(w) and the magnetization m(w) and magnetic field h(w). In this system, the relationships between the dynamic coordinates and applied fields (forces) are
where V is the sample volume, Gmm(co) is the magnetic susceptibility, Gme(w) = ,LoGem(w) is the piezomagnetic susceptibility, and Gee(W) is the elastic compliance. According to a coupled-mode analysis 4 based on the coherent rotation model, 7 we can write, to first order,
where As is the saturation magnetostriction, Ha is the anisotropy field, H is the static applied magnetic field, and EH is the elastic modulus at constant field. tions are Lorentzians having identical widths and res-
That is, the dynamics governing the magnetization process are assumed to be much faster than the dynamics governing the elastic response of the sample in the frequency range of interest. For the amorphous ferromagnetic sample used in this investigation, dynamics of the magnetization process are generally not important below 1 MHz. Hence, in the 20-30-kHz range, the frequency dependence of the strain response is the same whether the sample is excited elastically by an applied stress or magnetostrictively by an applied magnetic field. From Eq. (3b) and the fluctuation-dissipation theorem, the mean-square strain fluctuation is given by
Since a(w) is the generalized force corresponding to the strain coordinate, Gee(Z) determines the frequency spectrum of the strain fluctuations, (e 2 (W) It is straightforward to obtain the susceptibility Gem(O) experimentally by sweeping the frequency of an applied magnetic field h(co) at a fixed dc bias field H. The experimental arrangement is shown in Fig. 1 .
The optical source is a diode-pumped Nd:YAG laser operating at 1.3 .tm coupled without isolation into a fiber Mach-Zehnder interferometer that has a 20-m path imbalance. Phase-tracking voltages and calibration phase-shift signals were introduced either through the piezoelectric frequency control of the laser or through the piezoelectric element (PZT) in the reference arm of the interferometer. The sample consisted of L = 26.25 m of jacketed, 125-,Mm-diameter, single-mode fiber wound circumferentially and bonded with low-modulus epoxy to a transversely annealed cylindrical shell (5 cm X 4.45 cm diameter X 25 gm nominal thickness) of Metglas 2605S-2 (Fe 7 8Bl 3 Si 9 ). Measurements were made with the sensor completely inside a four-layer mumetal shield to reduce the ambient magnetic field. The phase resolution of the interferometer in the 20-30-kHz range was approximately 0.4 ,urad/VHM. The first mechanical resonance of the PZT element occurred above 30 kHz and did not interfere with the noise measurements.
The frequency response g(w) was obtained using a Hewlett-Packard 3562A dynamic signal analyzer, which measured the interferometer output voltage as a function of frequency normalized to the coil current. The shape of the imaginary part of the frequency response, which is directly proportional to g"(w), was obtained in this manner.
After we removed the applied field h(w), the voltage noise power spectrum v 2 (W) of the interferometer output was obtained at the same fixed dc bias field H, and the shape of the power spectrum was compared with that for g"(w)/w. The close agreement between the two spectra, shown in Fig. 2 2 , where K (radians per meter) is the responsivity of the fiber at X = 1.3 ;um, L is the fiber length (meters), and a (volts per radian) is the scale factor of the interferometer output. For a Lorentzian line shape, g"(w = wo) = Q. From the frequency response data (Fig. 2) , we estimate that, Q = 36 at fo = 25.5 kHz, which yields e 2 (Wo) = 4.2 X 10-29 /Hz compared with the experimentally obtained value (3.1 ± 0.5) X 10-2 9 /Hz (corresponding to a phase-shift fluctuation of approximately 0.8 ,urad/1H_). To obtain the calculated value we took into account both the fiber and the metallic glass by replacing EHVin Eq. (4) with (EfiberVfiber + EHjetglasVMetglas). Disagreement between the calculated and observed value probably results from experimental uncertainties in Q and V and from the assumption of a purely Lorentzian line shape. To verify that the observed noise spectrum did not arise from ambient magnetic perturbations acting on and noise due to broadband, external magnetic field fluctuations (upper data points) with amplitude (h 2 (cW) )1 2 = 7.6 X 10-6 Oe/1i-on a dc magnetic field. Data were taken at the 25.5-kHz response peak.
the sensor, we purposely introduced a white-noise current on the coil corresponding to (h 2 (W)))1/ 2 = 7.6 X 10-6 Oe/&R and measured the rms noise voltage as a function of dc field H. This magnetic-field-induced noise power spectrum was purposely chosen to be significantly larger than the thermal noise and depended linearly on H (Fig. 3) as expected from elementary considerations of the transducer response. Nonmagnetic external perturbations that affect the magnetostrictive properties of the cylinder would be expected to have the same dc field dependence. 8 By comparison, the rms thermal noise density was independent of the dc field, as seen in the lower trace of Fig. 3 . Therefore the noise that we are attributing to equilibrium thermal fluctuations was not the result of either ambient nonmagnetic perturbations affecting the magnetostrictive properties of the transducer or direct ambient magnetic fluctuations.
To eliminate air-induced pressure or temperature variations as a possible source of the observed noise,
we repeated the measurements with the sensor contained in an evacuated chamber. We observed a merging of the two distinct peaks seen in Fig. 2 (presumably due to outgassing of the bonding adhesive), but the magnitude of the noise at the peak did not change within the experimental error. The shape of the noise spectrum again followed the (new) shape G"(w)Iw. Finally, we were not able to eliminate strain fluctuations that resuled from direct, in-band, longitudinal acceleration of the transducer. Such accelerations would need to be approximately 0.2 yg/~H-z at 25 kHz to produce the observed noise. However, a previous measurement of the low-frequency floor acceleration in our laboratory yielded approximately 20 Ag/ Vffi at 5 Hz, which would be attenuated at a W-2 rate by the floating optical table. Therefore it is highly unlikely that acceleration fluctuations of the transducer were the source of the noise. We conclude from the observations that the amplitude and spectral characteristics of the observed strain fluctuations are consistent with the predictions of the fluctuation-dissipation theorem that use the dynamic elastic susceptibility.
It must be emphasized that the magnitude of the thermal strain fluctuations presented here correspond only to the particular transducer used in this experiment and that the thermal noise level depends on both the ambient temperature T and the susceptibility Gee(w). Transducers of different design having different V and Gee(w) will, in general, exhibit completely different levels of strain fluctuation (and corresponding phase-shift fluctuation). Hence, general statements 2 comparing the thermal-limited resolution of different sensors based solely on operating temperature T are misleading. In addition, although quick estimates of the total thermal strain noise can be made for any transducer by simply equating thermal and elastic energies kT/2 = e 2 EV/2, Gee(W) must be known in order to determine the noise density in a particular region of the spectrum. Thermal noise of the transducing element simply represents another noise term that must be considered in the design and operation of any interferometric sensor.
In conclusion, we have presented what is to our knowledge the first direct experimental report of the thermal noise spectrum of a transducing element in a fiber-optic interferometer. Data obtained in the 20-30-kHz range for a cylindrical magnetostrictive transducer at room temperature showed a peak noise level of approximately 0.8 ,rad/CHE. The results are consistent with the fluctuation-dissipation theorem that uses the dynamic elastic susceptibility.
